Objective: This study aimed to identify the changes of miRNAs in colorectal cancer (CRC) complicated with diabetes mellitus (DM) (CRC + DM) tissues and their potential effects. Methods: The changes of miRNAs in CRC + DM tissues were determined by miRNA microarray. The expression levels of miR-99a in 40 clinical specimens and 6 CRC cell lines were determined by qRT-PCR. The capacity for miR-99a to induce cell proliferation and invasion was examined with miR-99a-overexpressing HCT-116 cells. The relative mTOR mRNA and protein levels were determined by qRT-PCR and Western blotting, respectively, in HCT-116 cells transfected with miR-99a. The dual luciferase assay was performed to confirm the direct regulation of miR-99a on mTOR 3′-UTR. The HCT-116 cells were treated with 100 mg/L advanced glycation end products (AGEs); then, the mTOR expression levels were determined by qRT-PCR, Western blotting, and immunohistochemistry. Results: Seventeen miRNAs were found to be differentially expressed among normal tissue, CRC tissue, and CRC with DM tissue, including 15 upregulated and 2 downregulated with fold changs of more than 2 times. qRT-PCR confirmed that miR-99a was downregulated in CRC and CRC + DM tissues. In addition, miR-99a overexpression remarkably impaired CRC cell proliferation and metastasis, and negatively regulated mTOR signaling through direct binding to the 3′-UTR of mTOR. AGEs could suppress miR-99a and stimulate mTOR signaling in CRC cells. Increased mTOR was also identified in CRC with DM tissues. Conclusion: Our findings indicate that miR-99a is a potential marker and therapeutic target of CRC complicated with DM, and that AGEs impair miR-99a-overactivated mTOR signaling in CRC with DM patients, which promotes CRC development.
Introduction
Colorectal cancer (CRC) is the fifth most common cancer in China in men and the fourth in women, 1 while being the third most common in men globally and the second in women. 2 Approximately 746,300 men and 614,300 women were newly diagnosed with CRC in 2012 worldwide, and 693,900 died from this disease. 2 Diabetes mellitus (DM), a major health problem globally, is a metabolic disorder characterized by hyperglycemia. In recent years, gene expression-based subtyping has been widely accepted as a valid approach for CRC stratification. There are many different classification systems, and it is considered that different subtypes of CRC have unique biological characteristics, clinical stratifications, and targeted interventions. [3] [4] [5] [6] CRC complicated with DM may be a special subtype of CRC. Multiple epidemiological studies have suggested that DM may significantly elevate the risk of cancers. [4] [5] [6] Coughlin et al examined the relationship between DM and cancers in a large, prospective US cohort of 467,922 men and 588,321 women who had no reported history of cancer at enrollment. 6 Their results suggested that DM may be an independent risk factor for death from cancers of the colon, liver, pancreas, and female breast, and be predictive of mortality from CRC. Recently, a series of studies and meta-analyses also indicated that DM is associated with increased risk of CRC in both women and men. [7] [8] [9] [10] [11] The association remained after controlling for obesity, smoking, and physical exercise, which are important potential confounders. 11 While there are limited studies related to the mechanism underlying the relationship between DM and CRC, it is hypothesized that hyperinsulinemia, high insulin levels, decreased bowel transit time, and increased fecal concentration of bile acids in DM may contribute to tumor growth. 9 MicroRNAs (miRNAs) are noncoding, single-stranded RNA of about 21-23 nucleotides in length that inhibit protein expression in a post-transcriptional pattern via the interaction with complementary sites of the target mRNA. 12 miRNAs play an important role in cell growth, proliferation, differentiation, motility, autophagy, and apoptosis. 13, 14 Deregulated expression of miRNAs is observed in various diseases, [15] [16] [17] [18] including CRC 16, 19, 20 and DM. 17, [21] [22] [23] The mammalian target of rapamycin (mTOR) pathway controls protein synthesis in response to a large number of signals including nutrients such as glucose and amino acids, and growth factors such as insulin and IGF-1. 24, 25 This pathway is involved in many major cellular processes and plays a key role in a great number of pathological conditions, including cancer, obesity, diabetes, and neurodegeneration. [24] [25] [26] Recent studies have revealed that the mTOR pathway is abnormally activated in CRC, which may contribute to the growth, metastasis, and progression of tumors. 27 Moreover, the chronic activation of mTOR has been indicated to participate in the development of insulin resistance and type 2 diabetes. 28, 29 The high rate of protein synthesis associated with hyperactivation of mTOR has been considered to induce insulin resistance by promoting ER stress and the unfolded protein response. 30 Many studies have shown that mTOR is highly active in the tissues of obese and high-fat-fed rodents. 31 Overactivation of mTOR promotes adipogenesis, and the expansion of adipose tissue that characterizes the obese state represents the main risk factor for the development of insulin resistance and type 2 diabetes. 32, 33 It was demonstrated that insulin could regulate glycolytic activities via decreasing miR-99a and increasing mTOR in hepatocellular carcinoma. 34 Meanwhile, previous study has shown that miR-99a could decrease cell proliferation, migration and possibly invasion of colorectal cancer cell lines by inhibiting the amount of phosphorylated mTOR protein.
- 35 However, there is little information whether miRNA is involved in regulated mTOR in CRC complicated with DM. And the molecular mechanisms underlying the potential crosstalk are still nuclear.
In the present study, microarray analysis was used to estimate miRNA expression in tumor specimens from CRC patients and CRC with DM patients, along with normal colorectal mucosa samples. We further evaluated the expression of miR-99a in tumor tissues from 20 patients with CRC complicated with DM, 20 with CRC but not DM, along with 20 samples of normal tissues using quantitative polymerase chain reaction (qRT-PCR). Moreover, we explored the role of miR-99a in CRC with DM and revealed the relationship between miR-99a and mTOR in this clinical context.
Materials and methods

Patients and tumor samples
Forty specimens were obtained from CRC patients at the Sixth Affiliated Hospital of Sun Yat-Sen University in 2018. Blinded review of the original pathology slides was used to confirm the histopathological characteristics of CRC tissue specimens. Of the 40 patients, 20 were diagnosed with colorectal cancer with DM (CRC + DM) and 20 with colorectal cancer but not diabetes mellitus (CRC + nonDM). The diagnosis of DM was made in accordance with World Health Organization criteria: patients were classified as having diabetes if fasting blood glucose was ≥126 mg/dL (7 mmol/L). All of the tissue samples were extracted from surgical specimens or endoscopic biopsies, and none of the patients had undergone either chemotherapy or radiotherapy before the surgery (Table S1 ). The normal mucosa was collected in the bowel of nontumorous patients. Samples were subsequently frozen in liquid nitrogen and stored at −80°C. The study was performed in accordance with the Helsinki Declaration and approved by Sun Yat-sen University. All subjects were informed of the investigational nature of the study and provided their written informed consent.
miRNA microarray processing
Total RNA was extracted from specimens using Trizol reagent (Invitrogen, MA, USA), in accordance with the manufacturer's protocol. The quantity and quality of RNA were evaluated by an Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA). Agilent Human miRNA (8*60K) arrays from Shanghai Biotechnology Corporation were used. Microarray hybridization, scanning, and analysis were also performed by Shanghai Biotechnology Corporation. Briefly, 2 µg of sample RNA was directly labeled with biotinylated signaling molecule using FlashTag Biotin HSR RNA Labeling kits (Affymetrix, USA). Hybridization and washing of the chips were performed in accordance with the manufacturer's protocol. Scanning was performed using GeneChip Scanner 3000. GeneChip Operating Software was used to analyze the data. Average log 2 ratios were calculated from the normalized data of each miRNA.
Cell culture and transfection
Human CRC cell lines HCT-15, HCT-116, HCT-8, SW480, and LOVO and normal human colon mucosal epithelial cell line NCM460 were purchased from the Cell Bank of Chinese Scientific Academy (Shanghai, China). The cells were routinely cultured in DMEM (Gibco, NY, USA) with 10% heat-inactivated fetal bovine serum (FBS; Gibco, NY, USA) and 1% penicillin-streptomycin (Gibco, NY, USA) in a humidified incubator at 37°C with 5% CO 2 . miR-99a mimic was purchased from GenePharma (Shanghai, China). Cells were seeded into plates 12 h prior to transfection. Moreover, 100 nM miR99a mimic or negative control (miR-NC) was transfected into cells using Lipofectamine 2000 (ThermoFisher, MA, USA), in accordance with the manufacturer's instructions.
Quantitative real-time PCR (qRT-PCR)
Total RNA samples of cells and tissues were reverse-transcribed into cDNA using the PrimeScript TM RT Reagent Kit (Takara, Tokyo, Japan) and Taqman MicroRNA Reverse Transcription Kit (ThermoFisher, MA, USA). The qRT-PCR was performed on a MiniOpticon™ real-time PCR detection instrument (Bio-Rad, CA, USA) with GoTaq® qPCR Master Mix (Promega, WI, USA) following standard procedures. GAPDH or U6 was used as an internal control. Primers used in this study were as follows: mTOR: 5′-ATTCCGACC TTCTGCCTTCA-3′ and 5′-AGTGAAGACTGTGGCATC CA-3′, GAPDH: 5′-GAGTCAACGGATTTGGTCGT-3′ and 5′-GACAAGCTTCCCGTTCTCAG-3′, and miR-99a: 5′-AA ACCCGTAGATCCGATCT-3′.
Western blot analysis
The treated cells or tissues were washed with ice-cold PBS, and then lysed with RIPA containing proteinase and phosphatase inhibitors (Sigma-Aldrich, MO, USA). Protein concentration was quantified with Pierce™ BCA Protein Assay Kit (ThermoFisher, MA, USA), and then separated by 10% SDS-PAGE and transferred to PVDF membranes. The membranes were blocked with TBST containing 5% BSA for 1 h, and then incubated with anti-mTOR (Abcam, MA, USA) and anti-GAPDH (Abcam, MA, USA) overnight at 4°C. The membranes were washed before incubation with specific secondary antibodies. Finally, the blots were visualized using chemiluminescence (ECL; Forevergen Biosciences Center, Guangzhou, China).
MTS assay
To estimate cell viability, the treated cells were seeded into 96-well plates at 1×10 3 cells per well 24 h before the MTS assay. The cells were incubated with MTS reagent for 2 h. Then, the OD value of each well at a wavelength of 490 nm was measured with a microplate reader (Diatek). All experiments were performed in triplicate.
Transwell assay
To evaluate cell mobility, the treated cells were suspended in serum-free medium and seeded in the upper compartment of modified Boyden chambers (BD Biosciences, CA, USA) at 2×10 4 cells/well. Medium containing 20% FBS was added to the lower compartment. The cells in the upper compartment migrated to the lower compartment through an 8-µm-pore-sized filter (for the migration) or a Matrigel-coated filter (for the invasion assay). After 48 h, the migrated/invasive cells were fixed in methanol and stained with crystal violet, and then photographed for counting. All experiments were performed in triplicate.
3′-UTR reporter assay for miRNA target validation
The whole sequence of the 3′-UTR of mTOR was amplified from the HCT-116 cDNA and cloned into the pmirGLO vector (Promega, WI, USA). The luciferase reporter plasmid with mutant mTOR 3′-UTR was constructed with MutanBest Kit (Takara, Tokyo, Japan), in accordance with the manufacturer's protocol. All of the constructs were identified by sequencing. To confirm the direct interaction between miR-99a and mTOR, HCT-116 cells at 80% confluence were co-transfected with luciferase reporter plasmid and 100 nM miR-99a mimic or NC (miR-NC). At 48 h posttransfection, Firefly and Renilla luciferase activities were measured using Dual-Luciferase Reporter Assay (Promega, WI, USA). The final results are expressed as relative luciferase activity (Firefly LUC/Renilla LUC). All experiments were performed in triplicate.
Immunohistochemistry
The tissues were fixed in 10% formalin and then embedded in paraffin. The blocks were cut into 4-mm sections, deparaffinized, and rehydrated. After blocking with 3% hydrogen peroxide, the sections were incubated with mTOR primary antibody (Abcam, MA, USA) at 4°C overnight. After washing with phosphate-buffered saline, the sections were incubated with the secondary antibody (Novus Biologicals, Shanghai, China) for 1 h at RT.
Immunostaining was performed using 3,3′-diaminobenzidine tetrahydrochloride (DAB) (Sigma-Aldrich, MO, USA). Subsequently, sections were counterstained with hematoxylin.
Statistical analysis
All experiments were repeated at least three times. Data are expressed as mean ± standard error (SEM). Statistical analysis was performed with GraphPad Prism 7 (GraphPad Software Inc., CA, USA). .Statistical analysis for comparison of two groups was performed using two-tailed unpaired Student's t-test. We further found that 17 miRNAs showed expression changes among all three groups with fold changs of more than 2 times. Among them, 15 miRNAs were sequentially upregulated from normal to CRC to CRC + DM groups, and two miRNAs were gradually downregulated in this order ( Figure 1A and B) . hsa-miR-99a-5p was the most significantly different miRNA in CRC + DM compared with the level in CRC + nonDM, and in CRC compared with the level in normal colon tissue, and the second downregulated miRNA was hsa-miR-214-3p ( Figure 1B) .
To further validate our results, the levels of miR-99a were estimated in 20 normal colon tissues and 40 CRC tissues using qRT-PCR. As shown in Figure 1C , miR-99a was dramatically downregulated (P<0.0001) in CRC tissues compared with that in normal colon tissues. To determine whether miR-99a is involved in CRC with DM, we examined it in 20 CRC and 20 CRC + DM tissue samples. The results indicated that CRC patients with DM exhibited markedly lower miR-99a expression (P=0.0006) than CRC patients without DM ( Figure 1D ). The expression levels of miR-99a were also evaluated in the normal human colon mucosal epithelial cell line NCM460 and the CRC cell lines HCT-15, HCT-116, HCT-8, SW480, and LOVO. As shown in Figure 1E , the qPCR results showed that miR-99a was suppressed in all analyzed CRC cells ( Figure  1E ). These results confirmed that the expression of miR-99a was significantly downregulated in clinical CRC tissues, CRC with DM tissues, and CRC cell lines, which is consistent with the microarray results.
miR-99a inhibits growth and mobility of CRC cells
To investigate the role of miR-99a in CRC development and metastasis, we elevated the miR-99a level in HCT-116 using miR-99a mimic. Cell viability assays revealed that the ectopic expression of miR-99a impaired cell proliferation (Figure 2A) . Furthermore, the role of miR-99a in CRC cell migration was estimated using Transwell assays. The cells transfected with miR-99a mimic exhibited lower migratory and invasive potential than the cells treated with miRNA mimic NC ( Figure 2B and C). Taken together, these findings suggest that miR-99a is a negative regulator of growth and mobility in CRC cells.
miR-99a suppresses mTOR pathway through direct binding to 3′-UTR of mTOR
Mature miRNAs regulate gene expression by binding to the 3′-UTR of their target genes and blocking subsequent protein expression.We therefore searched for potential targets using the miRanda, TargetScan7.1, and PicTar, and only those targets detected by all programs were considered. And we found 13 potential target genes of miR-99a ( Figure 3A) . Among these target genes, mTOR with high degree formed local networks displayed their important roles in CRC, and a sequence of miR-99a complementary to the 3′-UTR of mTOR mRNA is shown in Figure 3B . Moreover, the results of luciferase reporter assay confirmed that miR-99a modulated mTOR levels through direct binding to the 3′-UTR of mTOR in CRC cells. Wild-type 3′-UTR of mTOR and mutant-type 3′-UTR (with a three-base mutation in the seed region sequence) fragments were inserted into pmirGLO luciferase reporter plasmid ( Figure 3C ). Exogenous overexpression of miR99a suppressed relative luciferase activity in HCT-116 cells, while suppression was not observed in the cells transfected with mutant-type construct. Next, we evaluated the role of miR-99a in the mTOR pathway in CRC cells. As shown in Figure 3D and E, miR-99a mimic significantly downregulated the mRNA and protein levels of mTOR in the CRC cells. These findings suggest that miR-99a directly targeted mTOR in CRC cells.
Advanced glycation end products (AGEs) stimulated mTOR through impairing miR-99a
AGEs are formed from the nonenzymatic glycation of proteins and lipids with reducing sugars. To determine whether AGEs modulate the expression of miR-99a, HCT-116 cells were incubated with 100 mg/L AGEs or solvent control for 
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24h and 48 h, and then the levels of miR-99a were determined using qRT-PCR. The results showed that miR-99a was sharply decreased in AGE-treated cells compared with that in the control ( Figure 4A ). Moreover, the mRNA and protein expression levels of mTOR in AGE-treated cells at 48h were consistently elevated ( Figure 4B and C), but the expression was inhibited after the miR-99a mimics treatment ( Figure  4D ). To further assess the role of miR-99a in CRC with DM patients, we determined the protein expression levels of mTOR in 20 CRC + DM and 20 CRC + nonDM tissues using IHC. As shown in Figure 4E , a remarkable increase in mTOR expression level was observed in diabetic CRC tissues compared with the level in nondiabetic CRC tissues. These results suggest that AGEs suppress miR-99a to overactivate the mTOR pathway, which in turn promotes CRC progression in DM patients. 
Discussion
Diabetes and cancer are leading causes of mortality and morbidity in the general population globally. 36 In certain circumstances, DM and cancer are intricately linked to each other, while in other situations, they may independently act to reduce patients' quality of life. 37, 38 With the development and application of genetic detection methods, many different molecular subtypes of CRC have been established by different classification systems. CRC complicated with DM may be a special subtype of CRC, and there is an urgent need to reveal the mechanistic link between them. Numerous epidemiological studies have implied that there is a relationship between DM and CRC, 6, 7, 10, 11, 37 but only a few studies have attempted to link DM and CRC at the molecular level. miRNAs are broadly associated with the development of many pathological processes, and the expression of miRNAs is broadly altered in cancer and diabetes. 17, 18, 20, 21, 39 In this context, the question arises of whether miRNAs exhibit crosstalk between CRC and DM. We hypothesized that the alteration of specific miRNAs may function as a common biological factor between DM and CRC. In the present study, microarray assay revealed distinctions in miRNA expression between CRC versus normal and CRC + DM versus CRC + nonDM tissues, and showed that miR-99a is commonly the most significantly downregulated miRNA in CRC with DM. We further determined the alteration of miR-99a of normal (n=20) versus CRC (n=40) and CRC + DM (n=20) versus CRC + nonDM (n=20) tissues. Our results showed that the expression of miR-99a decreased 50% in CRC compared with that in normal tissues, and 50% in CRC + DM compared with that in the CRC + nonDM group. miR-99a, located on chromosome 21, has been reported to be a tumor suppressor in a variety of human cancers, including breast, oral, and hepatocellular cancers. [40] [41] [42] [43] Numerous studies have suggested that miR- 99a participates in the regulation of epithelial-to-mesenchymal transition (EMT). 43, 44 EMT correlates with the increased migration and invasion of cancer cells. 45, 46 Exogenous overexpression of miR-99a was also shown to significantly inhibit the metastasis of oral cancer, nonsmall cell lung cancer, and cervical cancer cells. 44, 47, 48 Moreover, miR-99a-3p is one of the significant predictors of chemotherapy response in patients with advanced colorectal cancer. 49 Here, we confirmed that miR-99a was downregulated in human CRC tissues and cells and could remarkably suppress the metastasis and viability of CRC cells. miRNAs bind to the 3′-UTR of their target mRNA and interfere with translation. 12 Therefore, we integrated bioinformatics-based predictions and the interaction networks of each target gene and found that mTOR was the most important potential target gene of miR-99a. Previous studies reported that miR-99a can inhibit mTOR expression by directly targeting its 3′-UTR in numerous human cancers including prostate cancer cells, childhood adrenocortical tumor cells, and breast cancer cells. 46, 50, 51 We extended these studies and confirmed the relationship between miR-99a and mTOR in CRC cells. In addition, we demonstrated that miR-99a mimic was able to decrease the expression of mTOR at mRNA and protein levels in HCT116 cells. Moreover, we constructed luciferase reporter plasmids containing wild-type 3′-UTR of mTOR and found that miR-99a mimic could significantly reduce the relative luciferase activity. The repression of relative luciferase activity by miR-99a mimic was not observed in the cells transfected with constructs containing mutant-type 3′-UTR of mTOR. All of these results indicate that miR-99a can directly modulate mTOR gene expression through binding to the 3′-UTRs of mTOR mRNA. mTOR, a serine-threonine protein kinase, belongs to the phosphoinositide 3-kinase (PI3K)-related kinase family. 24 mTOR activity is controlled by the tumor suppressor complex TSC1/2. Growth factors and nutrients, such as glucose insulin and amino acids, activate PI3K-PKB and mitigate TSC1/2 activity, which causes mTOR activation. 25 Activated mTOR regulates the translation initiation machinery by modulating S6 kinase and eIF4E binding protein 1 (4EBP1) phosphorylation, leading to increased protein synthesis and cell growth. 32 A substantial number of studies support the importance of the mTOR pathway in cancer pathogenesis. 27, 52, 53 The deregulation of protein synthesis caused by overactivation of mTOR plays a central role in tumor formation. Zhang et al 53 reported that the activity of mTOR signaling is much higher in CRC than in normal noncancerous mucosa, and that the overactivation of mTOR occurs as an early event in the process of tumorigenesis and is involved in the progression from normal cells to hyperplasia to a neoplastic phenotype. 27 
Conclusion
Here, we focused on the role of miRNAs in CRC complicated with DM and provided evidence that decreased miR99a and deregulation of mTOR signaling are involved in CRC + DM. In this study, we confirmed the tumor suppressor role of miR-99a in CRC, which is probably mediated by the targeting of mTOR. Our results suggest that a high concentration of AGEs in DM patients impairs miR-99a and increases the expression of mTOR. Moreover, it is reported here for the first time that the expression levels of mTOR are elevated in CRC complicated with DM tissues compared with that in CRC without DM tissue. This finding suggests that miR-99a is a potential link between CRC and DM, and may be a specific biomarker and therapeutic target of the subtype of CRC complicated with DM.
